Introduction 52
Transcription factors (TFs) of the NAC (for NAM, ATAF1/2 and CUC2) family play 53 important roles for development and the response of plants to abiotic and biotic stresses 54 (Puranik et al., 2012; Shao et al., 2015) . A prominent process controlled by NAC TFs is leaf 55 senescence, which is a complex physiological process of nutrient recovery to support the 56 NOR homologs control senescence in non-flesh fruits like the siliques of Arabidopsis where 99 NARS1/NAC2 and NARS2/NAM redundantly and positively regulate silique senescence while 100 leaf senescence is unaltered compared to wild type, indicating organ-specific functions of the 101 two NAC TFs (Kunieda et al., 2008) . 102
Besides NOR, other TFs of the NAC family in tomato have been reported to control fruit 103 ripening, including SlNAC4 which positively regulates ripening, possibly through physical 104 interaction with NOR and RIN (shown by yeast two-hybrid studies); furthermore, SlNAC4 105 was suggested to act as an upstream regulator or RIN (Zhu et al., 2014) . Evidence for a 106 positive role in regulating fruit ripening was also obtained for SlNAC48 and SlNAC19 (which 107 is identical to SlNAP2) using a virus-induced gene silencing (VIGS) approach. The data 108 suggest that both TFs SLNAC47 and SlNAC48 act by affecting ethylene biosynthesis and 109 signaling (Kou et al., 2016) . SlNAC3 shows high expression in fruits and is involved in seed 110 development (Han et al., 2012; Han et al., 2014) . 111
Evidence for an involvement of NAC TFs in fleshy fruit ripening was also obtained from 112 studies performed on developing and ripening fruits of different other species, including the 113 octoploid strawberry cultivar Fragaria x ananassa (Moyano et al., 2018) , the Chilean 114 endemic strawberry Fragaria chiloensis (Carrasco-Orellana et al., 2018) , and bilberry 115 (Vaccinium myrtillus; Nguyen et al., 2018) . 116
Taken together, many NAC TFs have been reported to control leaf senescence in different 117 plant species, and some NACs have been firmly proven -or suggested -to control the 118 ripening of fleshy or dry fruits. Considering this, we were interested to investigate whether the 119 so-far best studied fruit ripening control NAC TF in tomato, namely NOR, additionally 120 controls leaf senescence in this plant. Our data show that NOR acts as a positive 121 transcriptional regulator of leaf senescence by directly and positively controlling the 122 expression of several chlorophyll degradation-(CDGs) and senescence-associated genes 123 (SAGs) in this species. The data suggest an evolutionary recruitment of NAC TFs from 124 regulating leaf senescence towards the control of physiology during fruit ripening. 125 extracted from the literature. Oligonucleotide sequences are given in Table S1 . qRT-PCR 133 primers were designed using QuantPrime (www.quantprime.de; Arvidsson et al., 2008) . 134 135
Plant material and growth conditions 136
Tomato (Solanum lycopersicum L., cultivar Moneymaker) was used as the wild type (WT). 137
The nor mutant is in the Rutgers genetic background (Tomato Genetics Research Center, 138 accession LA3013). Seeds were germinated on full-strength Murashige-Skoog (MS) medium 139 containing 2% (w/v) sucrose and 3-week-old seedlings were transferred to soil containing a 140 mixture of potting soil and quartz sand (2:1, v/v). Plants were grown in a growth chamber at 141 500 µmol photons m -2 s -1 and 25°C under a 14/10-h light/dark regime in individual pots (18 142 cm diameter). For experiments with Arabidopsis thaliana (L.) Heynh., accession Col-0 was 143 used as the control. Seeds were germinated in soil (Einheitserde GS90; Gebrüder Patzer, 144
Sinntal-Altengronau, Germany) in a climate-controlled chamber with a 16-h day length 145 provided by fluorescent light at approximately 100 µmol m −2 s −1 , day/night temperature of 146 20°C/16°C, and relative humidity of 60%/75%. After 2 weeks, seedlings were transferred to a 147 growth chamber with a 16-h day (80 or 120 µmol m −2 s −1 ), day/night temperature of 148 22°C/16°C, and 60%/75% relative humidity. 149
150

DNA constructs 151
Primer sequences are listed in Table S1 Table S1 . 198 199
Chlorophyll measurements 200
Chlorophyll content was determined using a SPAD analyser (N-tester; Hydro Agri). 201
Alternatively (Figure 4D) , frozen leaf powder was suspended in 5 mL 80% (v/v) acetone in 202 water and homogenized for 1 min. Chlorophyll content was determined with a 203 spectrophotometer at 663 and 646 nm as described by Arnon (1949 NOR encodes a tomato NAC transcription factor that harbors a conserved, DNA-binding 222 NAM at its N-terminus ( Figure 1A) . At the protein level, NOR is closely related to SlNAC3 223 from tomato, and to NARS1 and NARS2 from Arabidopsis (Figure 1B) . To test the 224 subcellular localization of NOR we expressed it as a fusion to green fluorescence protein 225 (GFP) in transgenic tomato plants, under the control of the cauliflower mosaic virus (CaMV) 226 35S promoter. As shown in Figure 1C , NOR-GFP fusion protein accumulated in nuclei, as 227 expected for a transcription factor. NOR is hardly expressed in young leaves, but its 228 expression increased during developmental and dark-induced senescence (Figure 1D, E) , 229 indicating a possible function of the tomato transcription factor for regulating leaf senescence. 230
231
NOR promotes leaf senescence 232
To test whether NOR indeed regulates leaf senescence, we first generated transgenic tomato 233 (Solanum lycopersicum cv. ´Moneymaker´) plants constitutively expressing NOR under the 234 Figure S1A ) for further analysis. Notably, NOR overexpression lines showed early leaf 236 senescence, while their stems were also typically shorter than those of wild-type (WT) plants 237 (Figure 2A) . The ratio of yellow leaves (defined as leaves with more than 50% yellowing) to 238 all leaves of 12-week-old OX plants was significantly higher in OX-L5 and OX-L19 plants 239 than the WT (Figure 2B) . Furthermore, the chlorophyll content of leaves from the same 240 position (leaf no. 3) dropped faster during development in OX than WT (Figure 2C) . We also 241 observed a generally reduced shoot height of NOR overexpressors compared to the WT, while 242 the nor mutant appeared slightly taller under our growth conditions (Figure 2A) . treatment. Detached leaves from the overexpression line showed earlier de-greening in 249 extended darkness than the WT. In contrast, leaves of the nor mutant remained longer green in 250 darkness and their chlorophyll content remained high after treatment compared to WT and 251 OX-L19 (Figure 3A, B) . Moreover, ion leakage, an indicator of membrane damage, was 252 significantly elevated in OX-L19 compared to WT, while it was reduced in nor ( Figure 3C) . 253
In accordance with this, expression of various senescence-associated genes (SAGs) and 254 chlorophyll degradation genes (CDGs) was upregulated in OX-L19 plants compared to wild 255 type, but downregulated in nor ( Figure 3D ; Table S2 ). 256
To further examine the function of NOR in regulating senescence, we generated NOR knock-257 down lines by artificial microRNA (ami-NOR), in tomato cultivar Moneymaker. The ami-258 NOR construct targets 21 nucleotides (TGTACCATAGTTTGAAGGCTG) around 200 bp 259 close to 3' end of the NOR coding sequence. This region encodes the transactivation domain 260 of the TF. We selected two lines (ami-L2 and ami-L35) with a reduced NOR transcript 261 abundance as determined by end-point PCR (Figure S2A) . The ami-NOR lines exhibited 262 delayed senescence during dark treatment, similar to the nor mutant ( Figure S2B and S2C) . 263
264
NOR promotes leaf senescence in Arabidopsis 265
To test whether NOR also induced early leaf senescence in a heterologous species, we 266 overexpressed it in transgenic Arabidopsis thaliana plants. We selected two Arabidopsis lines 267 expressing NOR for further analysis (hereafter, OX-L6 and OX-L8; Figure 4A ). As in tomato, 268 overexpression of NOR promoted early leaf senescence in Arabidopsis (Figure 4A) , 269 indicating functional conservation across species. OX plants had a higher ratio of yellow to all 270 leaves than the WT at the same age (5 weeks) ( Figure 4B) . 271
To test whether NOR overexpression promotes senescence in darkness, we detached leaves 272 from the Arabidopsis OX-L6 and OX-L8 lines and after 6 days of dark incubation observed 273 much stronger senescence than in leaves of the WT control ( Figure 4C) . Chlorophyll content 274 after dark treatment was more strongly reduced in these lines than the WT (Figure 4D) . 275
Expression of the senescence-associated marker gene AtSAG12 (Noh and Amasino, 1999) was 276 significantly upregulated in these lines in comparison to WT (Figure 4E ). From these results, 277
we conclude that NOR positively regulates leaf senescence in both, tomato and Arabidopsis. 278 279
Identification of the consensus DNA binding sequence of NOR 280
Knowledge about the DNA binding motif(s) of a TF under analysis strongly assists in 281 unraveling the wider gene regulatory network it controls. We therefore performed an in vitro 282 binding site selection assay using the earlier reported cellulose D (CELD) fusion method 283 (Xue, 2005) to identify NOR binding sites. We first analyzed the binding activity of NOR 284 toward 16 randomly selected TaNAC69 motifs, S1 -S16, bound by the NAC69 transcription 285 factor from wheat (Triticum aestivum) ( Figure S3A ). Previously, it was shown that S1 is a 286 high-affinity binding sequence of TaNAC69 (Xue et al., 2006) . In our results, NOR showed 287 strong binding affinity to S1, with affinity decreasing progressively with substitutions. 288
Overall, NOR bound to TaNAC69-selected motifs containing the YACG (or CGTR) core 289 sequence ( Figure S3A ). Further analysis of the specificity of binding through base 290 substitution, insertion, or deletion revealed that the mutation of nucleotides in the core motifs 291 (e.g., S1m3 and S1m9) resulted in a strong reduction of NOR binding activity ( Figure S3B) . 292
Taken together, our data suggest two high-affinity binding sites of NOR, CG(Y/C)(G/C)(5-293
7n)N(A/G)CGn(A/C/G)(A/C/T) and (C/T)ACGn(A/C)(A/T)(C/G/T)(C/T), as motif I and 294
motif II, respectively. 295 296
Identification of NOR target genes 297
Although NOR is a transcription factor well known for its function in fruit ripening, no direct 298 target genes have to our knowledge been reported so far. Therefore, based on the results 299 presented in Figure 3D , we selected individual genes for further analysis to test whether they 300 might be direct downstream targets of NOR. To this end, we chose several genes harboring 301 the NOR binding site within their 5´ upstream regulatory regions, including SlSAG15, 302 SlSAG113, SlSGR1, SlPPH, and SlPAO (Figure 5A ). Chromatin-immunoprecipitation/ 303 quantitative real-time PCR (ChIP-qPCR) revealed direct binding of the NOR transcription 304 factor to the promoters of all genes except SlPAO (Figure 5B) . 305
We next selected additional genes known to be regulated by natural or dark-induced 306 senescence in tomato, or induced by abiotic stresses that trigger senescence (based on 307 literature reports) and checked whether their promoters harbor a NOR binding site. 308
Considering that NOR regulates fruit ripening (Giovannoni et al., 2004; Casals et al., 2012; 309 Kumar et al., 2018) we also included a few genes reported to control this process. We then 310 tested whether expression of these genes is affected in transgenic tomato plants expressing the 311 NOR transcription factor under the control of an estradiol (EST)-inducible promoter 312 (hereafter, NOR-IOE). As shown in Figure S1B , expression of NOR was strongly enhanced in 313 three-week-old NOR-IOE seedlings 6 hours after treatment with 15 µM EST, as expected. 314
Similarly, all selected NOR-binding site-containing genes except two showed enhanced 315 expression when NOR was induced ( Figure 6A ; Table S2) . and delays fruit ripening (Oeller et al., 1991) . In addition, expression of SlACS2 is largely 345 dependent on transcription factor RIN, which is a direct upstream regulator of it (Martel et al., 346 2011 ). 347
We included further genes with likely functions in fruit ripening or leaf senescence in our 348 analysis. One is SlCEL7 (Solyc11g040340), which encodes a putative endo-b-1,4-glucanase of 349 the glycosyl hydrolase 9 (cellulase E) family (www.uniprot.org); SlCEL7 has been suggested 350 to play a specific role for regulating the loosening of cells walls during fruit growth (Catalá et 351 al., 2000) . As seen in Figure 6A (and Table S2 is that SlORE1 genes directly control ripening processes in fruits. Similarly, downregulation 433 of NAC transcription factor SlNAP2 expression delays leaf senescence in tomato followed by 434 an increased fruit yield (Ma et al., 2018) . SlNAP2 binds to the promoters of several 435 senescence-related genes, including SlSAG113 (Solanum lycopersicum SENESCENCE-436 ASSOCIATED GENE113) and the chlorophyll-degradation genes SlSGR1 (S. lycopersicum 437 senescence-inducible chloroplast stay-green protein 1) and SlPAO (S. lycopersicum 438 pheide a oxygenase). SlNAP2 also directly controls the expression of several abscisic acid 439 (ABA)-related genes including ABA transport, biosynthesis and degradation genes, 440
suggesting that it has an important function in controlling ABA homeostasis in senescing 441 tomato leaves (Ma et al., 2018) . 442
Here, we report that the long-known tomato fruit ripening factor NOR controls leaf 443 senescence, thereby identifying a novel role of NOR for controlling development. Another important finding of our study is that SlNAP2 itself is affected, at the expression 463 level, by NOR; more specifically, as shown in Figure 3D , expression of SlNAP2 is 464 significantly reduced in leaves of the nor mutant, while it is elevated in the NOR 465 overexpressor line OX-19, suggesting that NOR acts upstream of SlNAP2. On the other hand, 466
we found that expression of NOR is enhanced in SlNAP2-IOE plants shortly (6 h) after EST 467 treatment (Figure 7B) , consistent with a model that places SlNAP2 upstream of NOR. 468
Collectively, the available experimental data therefore suggest that NOR and SlNAP2 469 together form a positively acting regulatory loop whereby the expressional activity of each 470 NAC gene is enhanced by the respective other NAC transcription factor. However, we note 471 that unravelling the details of this regulatory interaction require further detailed investigation 472 in the future. 473
Together, the available data strongly suggest that NAC transcription factors controlling leaf 474 senescence also affect age-dependent senescence (or ripening) of fleshy and non-fleshy fruits, 475 across species. This observation raises a number of interesting questions, including the 476 following: (i) How do NAC TFs exert their specific aging-related functions in photosynthetic 477 leaves compared to those in fruits, i.e., how are the target genes prevalent or specific for leaf 478 senescence selected compared to target genes involved in fruit ripening? (ii) Related to this: Experimental conditions were as described in legend to Figure 5B . Sequences of the gene 819 promoters including the NOR binding sites tested in the ChIP experiments are given in Table  820 S3. Data are the means ± SD of two independent biological replicates, each determined in 821 three technical replicates. is expressed relative to that of S1 (arbitrarily set to 1). The core binding motif is highlighted 876 in red. RBA, relative binding activity. (B) Mutational analysis. Mutated S1 motifs (S1m1 -877 S1m17) and mutated S10 motifs (S10m1 and S10m2) were included in the analysis. For base-878 substitution analysis, substituted bases in S1 and S16 are shown in lower-case blue letters. . NOR shows more tolerance to 882 mutation of S1 that contains two core motifs, compared to mutations of S10 which has only 883 one core motif. 884 Table S3 . (B) ChIP-qPCR shows enrichment of SlSAG15, SlSAG113, SISGR1 and SlPPH promoter (1 kb) regions containing the NOR binding site. Eight-week-old NOR-GFP plants (mature leaves no.~3-5) were harvested for the ChIP experiment. qPCR was performed to quantify the enrichment of the promoter regions. In the case of SlSAG113, which has two potential NOR binding sites in its promoter (see panel A), we tested binding of NOR to the sequence proximal to the ATG start codon. Values were normalized to the values for Solyc04G009030 (promoter lacking a NOR binding site). Data are the means ± SD of two independent biological replicates, each determined in three technical replicates. Solyc10g085230 SlERT1B
Solyc06g059740 SlADH2
Solyc01g095080 SlACS2
Solyc02g077360
Solyc02g077370 SlERF.C.5
Solyc01g090340 SlERF13
Solyc12g009240 SlERF17
Solyc02g092820 SlGH3_4
Solyc08g079140 SlSAUR67
Solyc10g052250 SlSAUR74
Solyc09G091670 SlABCG40
Solyc08g068330 SlYLS4
Solyc02g071430 Solyc03g120320 SlKFB20 NOR positively controls leaf senescence in tomato by directly regulating various senescence-associated genes including, besides others, SlSAG15, SlSAG113, SlSGR1 and SlYLS4. Furthermore, the previously reported NAC transcription factor SlNAP2 (Ma et al., 2018) enhances NOR expression by directly binding to its promoter. In addition, NOR enhances SlNAP2 expression, suggesting a positively acting feed-forward loop involving the two NAC factors. NOR also directly and positively regulates the expression of the fruit ripening-related gene SlERT1B, consistent with its well-known role in this process. 
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